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Abstract Sorption of the organic contaminant PCE (perchloroethene) is 
currently being studied in the Birmingham Triassic sandstone aquifer, UK, an 
example of a low foc (fraction of organic carbon) aquifer. The research aims to 
evaluate the degree of spatial variability of soiption in the aquifer and identify 
correlations with other aquifer parameters. PCE sorption has been shown to be 
nonlinear with Freundlich partition coefficients in the range 0.17-1.32 and 
retardation factors 1.7-9.0 (most samples <5). Sorption varies heterogeneously 
between the various sandstone and mudstone lithologies present. There is 
evidence of increased sorption with increasing sample fm. suggesting domi­
nance of the, albeit low foc as the sorbing phase. In spite of the aquifer's quite 
different geological origins, sorption parameters compare favourably with 
those of the Borden site (Canada), which has a similarly low foc. 
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INTRODUCTION 
Sorption is a key process controlling organic contaminant migration in aquifers. 
Estimates of retardation due to sorption are very frequently made from literature Koc 
(organic carbon partition coefficients) and aquifer-specific foc (fraction of organic 
carbon) values. However, it is well recognized that the sorption process is complex and 
may be nonlinear, involve a combination of hydrophobic partitioning and pore-filling 
mechanisms, depend upon the nature (oxidation state) of the foc and exhibit significant 
spatial variability over transport scales of interest (e.g. Grathwohl, 1990; Binger et al., 
1999). To date most detailed studies on sorption spatial variability have been conduc­
ted at North American research sites, e.g. Borden (Allen-King et al., 1998, and referen­
ces therein), Cape Cod (Barber, 1994) and Columbus (Maclntyre et al., 1991). These 
studies indicate further research is required to assess soiption spatial variability and its 
correlation with other aquifer parameters (hydraulic conductivity, facies type). 
Such research needs and the relatively limited organic contaminant sorption 
research conducted to date in UK geological deposits (Mouvet et al. (1993), Barratt 
(1995) and Steventon-Bames (2001) being key studies) have provided the impetus for 
the present sorption study in the Birmingham Triassic sandstone aquifer. The wide 
exploitation of Triassic sandstone formations across the UK, it is the second most 
important aquifer for water supply, provides further impetus for our study (although 
for Birmingham itself, the UK' s second largest city, the aquifer is under exploited due 
to industrial decline (Knipe et al., 1993). The objectives of the present study are to 
assess the degree of spatial variability of organic soiption in the Birmingham Triassic 
sandstones and identify controlling processes and correlations with other aquifer 
parameters. A further objective is to compare sorption with that observed in other, 
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similarly low foc, aquifer environments. The Birmingham aquifer consists of three 
reasonably distinct sandstone strata (Kidderminster, Wildmoor and Bromsgrove 
Formations) that were deposited by alluvial and aeolian processes in a desert 
environment and are interspersed with mudstone horizons. They are generally held to 
be poor in organic remains (Audley-Charles, 1992) and foc data for other UK Triassic 
sandstones are typically 0.01-0.15% (Thornton et al, 2000; Steventon-Barnes, 2001). 
PCE (perchloroethene) was selected as the contaminant to be studied due to its 
persistent occurrence in the aquifer (Rivett et al, 1990) and frequent use in sotption 
studies by other researchers. 
This paper reports preliminary results from our ongoing research. We present batch 
sorption data on Birmingham aquifer materials and briefly compare these data with 
PCE sorption observed in an analogous low organic carbon aquifer (Borden, Canada). 
M E T H O D O L O G Y 
An array of boreholes was recently drilled at the University of Birmingham test site 
located in the unconfmed Birmingham Triassic sandstone aquifer. Boreholes penetrate 
limited superficial deposits then the Wildmoor Sandstone Formation, and are located 
about 100 m west of the Birmingham Fault. The Mercia Mudstone Group confines the 
sandstone to the east of this major fault (Jackson & Lloyd, 1986). A 60 m core was 
recovered, logged and 50 representative sub-samples collected and their various 
lithological and hydraulic properties characterized in the laboratory. Hydraulic 
conductivity was via falling head permeameter using shrink-wrapped, re-saturated core 
samples. Grain size was via image analysis of thin sections (ongoing). Material was 
also taken from 35 horizons representative of the lithologies observed in the core. 
These samples were then pulverized and submitted fox foc analysis at a commercial 
laboratory following removal of inorganic carbon by sulphurous acid, after the method 
of Heron et al. (1997). 
Batch PCE sorption tests were undertaken on pulverized samples according to the 
method of Ball & Roberts (1991). They found that sorption to pulverized low foc 
aquifer sediment did not differ significantly from that to non-pulverized sediments 
with equilibrium being achieved within three days, a fact also observed in other studies 
(Mouve te /a / . , 1993; Allen-King et al, 1995; Binger et al, 1999). Based on the above, 
it is probable that the pulverized sample, 3-day batch methodology adopted yields 
equilibrium, or near-equilibrium sorption data. Further testing of this assumption is 
underway. 
Pulverized aquifer solids were mixed with artificial Triassic groundwater at a ratio 
of 3:2 (sandstone samples) and 1:1 (mudstone samples) in 4 ml amber glass vials 
capped with screw tops and PTFE/silicone septa. A stock solution of PCE, diluted in 
methanol, was injected into each vial immediately before sealing. The mole fraction of 
methanol was <10" 4 to avoid cosolvency effects (Curtis et al, 1986). Concentrations 
were ran in triplicate and ranged over three orders of magnitude. Sediment free controls 
were ran to assess PCE loss to non-sorption processes. The vials were shaken for 
3 days on a rotary shaker at a speed of 100 motions min"1 and then centrifuged at 
2500 rpm for 5 min to separate the aqueous and solid phases. An aliquot of the 
aqueous phase was then transferred to a 1 ml extraction vial and extracted with hexane 
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containing TCE (trichloroethene) as an internal standard. The extract was analysed by 
GC-ECD with detection limit 1 ug 1"'. 
For each lithological sample, the equilibrium aqueous concentrations (Ce) and 
sorbed concentrations (qe) of PCE were used to plot isotherms and determine the 
Freundlich partitioning coefficient (Kf) and nonlinearity constant (n) according to: 
qe=Kf(Cey (1) 
Linear Kj partition coefficients (Kf value for n = 1) were also calculated for each 
isotherm. Retardation factors (Rj) were calculated from the (nonlinear) expression 
(Fetter, 1999): 
Rf-1 + K Kf cr' (2) 
T) 
where pt is the dry bulk density (study mean: 2.0 kg l"1) and r\ is the porosity (study 
mean: 0.25). For linear sorption, n = 1 and Kf = K,/. 
R E S U L T S AND DISCUSSION 
Figure 1 displays example isotherms with Freundlich fits for two different lithologies. 
Regression coefficients calculated for the linear and Freundlich isotherms (mean R~: 
0.68 and 0.90 respectively) plotted for each lithological sample imply that sorption is 
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Fig. 1 Isotherms with Freundlich fits for selected lithological samples. 
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Table 1 provides Freundlich K/, n and Rf values and linear Kd values for measure­
ments made on 13 samples that represent five different lithological types, /^/values 
range from 0.17 to 1.32 (i.e. almost an order of magnitude). The entire data set 
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at 
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Kd 
1kg 1 
Coarse grained 0.02 0.38 0.91 1918 3.8 2.5 0.24 
sandstones: 0.05 0.55 0.89 1104 5.0 2.8 0.32 
0.08 1.32 0.75 1655 9.0 2.4 0.17 
Medium grained 0.04 0.72 0.75 1807 5.4 1.8 0.15 
sandstones: 0.04 0.77 0.80 1932 6.1 2.3 0.22 
0.07 0.17 1.07 244 2.5 3.3 0.45 
Fine grained 0.04 0.43 0.87 1081 4.0 2.2 0.15 
sandstones: 0.04 0.58 0.83 1450 4.9 2.2 0.17 
0.06 0.74 0.73 1236 5.4 1.7 0.13 
Clayey 0.02 0.44 0.99 2221 4.6 4.3 0.41 
sandstones: 0.04 0.21 1.03 534 2.8 3.3 0.25 
Mudstones: 0.06 0.64 0.91 1072 5.8 3.6 0.35 
0.06 1.11 0.81 1856 8.3 2.9 0.21 
Mean of above 0.05 0.62 0.87 1393 5.2 2.7 0.25 
Whole data set 0.05 0.53 0.87 1121 4.8 2.6 0.23 
computes a Kf value of 0.53 and a mean of the sample Kf values of 0.62±0.33 (some 
53%). The degree of nonlinearity is moderate with a range in n from 0.73 to 1.07, an 
entire data set n value of 0.87 and a mean of sample n values of 0.87±0.11 (just 12%). 
All but two of the samples yield n values less than unity and imply sorption is less at 
higher concentrations. 
Freundlich R v a l u e s are calculated in Table 1 using equation (2) for concentrations 
of 1 ugl" 1 and 1000 jug 1"' with values varying from 2.5-9.0 for the former concen­
tration and 1.7-4.3 for the latter higher concentration. By way of comparison, a con­
ventional linear RPCE of 2.1 may be calculated from Kj =fou Koc, equation (2) with n = 
1, mean site p/„ rj, foc data and the US EPA geometric mean for PCE Koc of 265 1 kg"' 
(US EPA, 1996). In general, variation in Rf is two-fold or less over the given 
concentration range. High Rf values (8-9) are calculated at 1 ug 1"' concentration for 
just two samples that have high Kf and f)C values and exhibit a high degree of 
nonlinearity. Rf values calculated for these particular samples at 1000 jig 1"' are 
nevertheless comparable with those obtained for the whole data set. 
Correlation of soiption with other parameters, e.g. foc, hydraulic conductivity (K) 
and lithological type, may be evaluated from analysis of the data presented in Table 1 
and the vertical profiles of K,foc, Kf for the geological log depicted in Fig. 2. Values of 
foc are low and of limited range (0.02-0.08%; mean = 0.05%) and are very comparable 
with previous studies of UK Triassic sandstone (Thornton et ai, 2000; Steventon-
Barnes, 2001). The mudstones or clayey sandstone horizons do not show foc levels 
distinct from the sandstone layers—the f,c is distributed quite heterogeneously between 
and within different lithologies. A plot of AT/-against foc (not shown) indicates a positive 
correlation. This may be anticipated from hydrophobic partitioning theory and a 
dominance of partitioning to the foc as the sorption mechanism. R2 values to linear 
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Fig. 2 Hydraulic conductivity (K),fM., Kr and geological variations with depth. 
trendlines are, however, only 0.25 (though removal of two outliers yields a substantial 
improvement with an R2 of 0.67). Table 1 also reports Kflfoc values (i.e. a "Freundlich 
Koc value", Koc.f) that range from 244 to 2221. Although this range and its standard 
deviation at 42% is relatively large, removal again of the two outlier low values yields 
a mean Kflfoc of 1575±406 (just 26%). Although linear fits to the isotherm data are less 
good, conventional K„c values may be calculated from the ratio of KJf,c that yield a 
mean of 634±495 (78%) 1 kg"1 for the samples in Table 1. This is greater than the US 
EPA geometric mean Koc of 265 1 kg"1 for PCE reported above. 
Correlations of Kf sorption values with lithology type are not particularly obvious 
from the present, rather limited, data set (as yet only 2 -3 samples per individual 
lithology have undergone batch sorption testing). Correlation between Kf and K (0 .02-
5.10 m day"1; mean = 1.79 m day"1; 39 samples) is not possible due to a lack of samples 
for which both parameters have been measured. However, batch experiments are in 
progress to expand the data set and allow more definitive conclusions on any corre­
lation present. There is no significant correlation between foc and hydraulic conductivity. 
Partitioning coefficients from the current study fall within the ranges found by 
other workers in comparable low foc aquifers. Data from the Borden site in Canada of 
foc ~ 0.02% shows very comparable sorption parameters in spite of its different 
geological deposition (beach deposits from a glacial lake). For example, Ball & 
Roberts (1991) report A/ range from 0.72-2.3, « from 0.79-0.95 and Rivett & Allen-
King (2002) at a location 150 m from Ball & Roberts ' study, report a A/range from 
0.33-0.50 and n from 0.89-0.95 (our study ranges: Kf 0.17-1.32; n 0.73-1.07). 
Calculated mean Freundlich Koc-f values of 6200 and 1900 for the Ball & Roberts and 
Rivett & Allen-King data respectively, compare with our range of 244-2221, particu­
larly the latter. The Allen-King et al. (1998) Borden PCE Kd data for a core (150 sub-
samples) taken from a location close to Ball & Roberts ' site has a range 0.11-5.3 1 kg"1 
and geometric mean 0.58 1 kg"1 that compare with our Kc/ data (0.13-0.45 1 kg" 1). 
Previous work on UK Triassic sandstone samples has produced sorption estimates 
that are a little lower than our estimates. Thornton et al. (2000) estimate a Kd of 
0.11 1kg"1 and R of 1.4 for PCE and Barrait (1995) a Kd of 0.025 1 kg"1 for o-xylene 
that has comparable hydrophobicity to PCE. Their bias toward lower values is not 
entirely unexpected in that Thornton et al. 's column experiments involved a complex 
landfill leachate that may have modified PCE sorption, and Barratt used near-solubility 
concentrations two orders of magnitude above our present study. 
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CONCLUSIONS 
To date, PCE sorption in the low foc Bimiingham Triassic sandstones has been shown 
to be nonlinear (mean n of 0.87) over the three orders of magnitude concentration 
range studied with Arranging from 0.17-1.32 and Rf from 1.7-9.0 (most samples are 
<5) for concentrations spanning 1-1000 pg 1"' PCE. Sorption varies heterogeneously 
between the various sandstone grades and mudstone lithologies present. There is some 
evidence of increased sorption with increasing sample foc indicating that although 
organic content is low it may still be the dominant sorbing solid phase. The sorption 
parameters compare very favourably with those of the Borden site (Canada) that has a 
similarly low foc, in spite of the aquifer's quite different geological origins. Further work 
is in progress to expand the current dataset on the Binningham Triassic sandstone. 
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